A novel approach to the art of the computational simulation of modern flying vehicles using nonlinear aerodynamics by the method of CFD algorithms is presented. The method employs the concept of system identification to characterize nonlinear systems in terms of generalized state space coordinates. Furthermore, modal coordinates are used to formulate the equations of motion of the total vehicle system so that the computational effort will be kept at minimum cost. The proposed analytical concept is validated using simple test cases. 
Introduction
In recent years computational fluid dynamics (CFD) has evolved as a reliable aerodynamic loads prediction tool. But, its utilization in the design process is limited due to intensive computation required to obtain the air loads accounting for several variables such as structural flexibility, aircraft incidences and angular rates, flight control interaction and propulsion. An aircraft design which includes the interaction of multidisciplines would exhibit enhanced structural integrity and aircraft performance. This view point was expressed by the specialists of the multi-national cooperative program team who conducted several investigations to assess the impact of active controls technology (ACT) on the structural integrity of aerospace vehicles [1] . In a recent study Bhatia and Wertheimer have further emphasized the importance of aeroelastic effects in the design of high speed civil transport aircraft (HSCT) [2] .
Towards this goal, a conceptual synergistic analysis methodology to compute flight loads and dynamic characteristics of air vehicles was presented in an earlier paper [3] . The multidisciplinary system considered in [3] consisted of the interaction of structures, inertia, digital flight control systems (DFCS), aerodynamics and propulsion systems. The concept of system identification was used to reduce the total 'Principal Engineer, Associate Fellow of AIAA 2 Professor, Fellow of AIAA, Fellow of the Royal Society vehicle system into a simplified state space model and to compute design loads.
As a natural extension, this paper discusses certain analysis and design issues associated with the application of the nonlinear airloads computed by the CFD methods. The CFD methods solve for airloads in time domain including the interaction of several variables such as angle of attack, control surface deflections, aircraft angular rates and accelerations and elastic deformation of the aircraft. Aircraft performance and stability analysis, and design methods often require the derivatives of the air loads with respect to state and design variables. Computation of these derivatives in a straight forward manner using CFD algorithms is computationally intensive. However, it is possible to estimate linearized derivatives of a nonlinear system by means of system identification concept. This paper presents an overview of the computation of the derivatives of nonlinear systems in an economical manner. These derivatives are then used to conduct flight maneuver analysis of aircraft. A brief outline of the approach is presented next.
Flight Maneuver Analysis
The dynamics of the aircraft consists of rigid body modes and vibration modes. The frequency spectrum of these modes are well separated, and hence, the rigid body equilibrium and elastic degrees of freedom can be solved separately. Thus, the rigid body equations of motion of maneuvering aircraft in wind axis system can be written as [3] :
where M is the mass of the aircraft, / is the pitching moment of inertia, V is the aircraft velocity along the flight path. The nonlinear aerodynamic forces as computed from the CFD code is given by the first column on the right hand side of equation (1) . The body forces and thrust components are given by the first two rows of the second column. The climb angle denoted by y and the pitch angle by, 6. The aerodynamic angle of attack is given by
The elastic equilibrium equations are given by where ee (3) is the generalized stiffness matrix, F e is the generalized net load vector (i.e. sum of aerodynamic and inertia loads) corresponding to the vibration modes , T] e .
Equation (1) can be written in the state space form;
= F(X,u) (4) where the system level state space vector F accounts for synergistic contributions from various disciplines.
The state space vector, X is given by VI 7 x = e (5) and U denotes a vector of flight control variables such as pitch, roll, and yaw control commands, and including, if required, thrust vectoring control parameters.
Using truncated Taylor series, equation (4) can be rewritten as
The computation of the derivative matrices, dF_ and dP_ becomes expensive, especially
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if CFD methods are used to evaluate nonlinear aerodynamic loads. To overcome this difficulty and to simplify the design process in the manner of an automated sense, the present method employs the concept of system identification. Then, the equations of motion of a nonlinear system can be written in terms of state space coordinates. This approach has the potential to reduce the cost of design process and the design cycle time, in preliminary as well as in full scale design phases.
The aerodynamic solutions in CFD methods require large number of repeated computation of the flow variables. These solution steps can be used as the learning cycles to establis.h the dynamic characteristics of any nonlinear system using regression or neural network methods. These methods require a number of input and output samples taken at discrete time intervals. In any transient analysis it is possible to compute F and X at any time t n . Then, using X as input and F as the output, the Jacobian of F at X n and U n can be computed.
Equation 6, together with equation 3, can be solved for the aircraft state variables, X, subject to the pilot command, u c or the target load factor N^. However, when dealing with agile aircraft which are designed with reduced stability margin, there is a need for feedback flight control laws to maintain aircraft stability and superior maneuver performances. A brief outline of the feedback control law design and transient maneuver analysis are presented in the following sections.
Feedback Control Law Design
The Hamiltonian cost function may be written as
The first term is included to minimize the constraints, while the second term is used to minimize the control power requirement. The last term denotes the equations of motion with A, as a vector of Lagrangian constants.
For symmetric maneuver analysis the constraints are given by e(2) = q ' ZT normal load factor pitch acceleration (8) The normal acceleration at aircraft center of gravity is given by %, = vr Then, the corresponding load factor is g
(10)
The error function £, using equations (6) and (8) Since, the target acceleration is zero, the maneuver represents steady pull-up or pushdown pitch rates depending on the sign of the load factor, N^-The desired final condition can be achieved by means of optimally selected control input, u, as discussed in the following paragraphs. 
The solution of the two point boundary value problem of equation (13) and, O and *F denote transition matrices. The end conditions are given by
because the error at target time is zero. Hence, Lagrangian coefficients are given by
Finally, the feedback control can be written as 
This paper seeks to address two problems. The first problem is, the computation of maneuver design loads including the interaction of flight control systems. The solution to this problem is given by equation (25).
The second problem is the prediction of aeroelastic instability, such as flutter and divergence. The aeroelastic stability characteristics of a nonlinear system can be determined by means of the Lyapunov energy criteria, which in the simplest form, may be stated as;
and its rate is given by V = ~F T 2 where P is the Riccati matrix which is derived from the eigenvectors of the Hamiltonian matrix of equation (13). The elements of the Hamiltonian matrix are denoted by A, B, and Q matrices.
Flight Maneuver Module :
ENS AERO CFD code [5 and 6] , developed by NASA/Ames, has been updated with a flight maneuver analysis module. This module computes the generalized force vector, F, and solves for the aircraft state vector, X. The local derivatives of the of the nonlinear generalized force vector, 5F cfc and cF. are computed using a modified du version of the autoregression algorithm. These derivatives are used to compute the feedback control input, u. A subroutine to compute the Riccati matrix, P, and the Lyapunov functions V and V , is also included in the flight maneuver module to compute static and aeroelastic stability characteristics (flutter and divergence speeds) of the aircraft.
Discussion of the Results :
The double delta wing configuration shown in Figure 1 is used to compute unsteady airloads and flight maneuver loads including its aeroelastic stability. The wing has a circular airfoil of 6% thick, and leading edge sweep angle of 50.4 degrees. The control surface is located at 56.6% span and behind 80% chord line. This wing was tested in the NASA Langley's transonic dynamic tunnel (TDT). The steady and unsteady airload data are reported in Reference [8] . The preliminary results are reported in the present version of this paper. The final paper will include stability derivatives and the results of maneuver loads analysis. The flow domain of this wing was represented by array of C-H grids consisting of 151 nodes in the flow direction, 44 nodes in the span direction and 34 nodes in the normal direction to the wing planform.
Baldwin-Lomax viscous model was used to capture the leading edge vortex phenomena.
To verify the accuracy of the ENSAERO code in oscillatory motion the control surface motion was set at 8 Hz with an amplitude of 6.65 deg at M=0.9, oc=3 deg and Re = 17x10 based on the root chord. The computed pressure distributions in terms of magnitude and phase angle are correlated with the experimental data as shown in Figure 2 . The prediction is seen to be excellent. The accurate prediction of the phase angle and control surface loads is very important to balance the aircraft. Otherwise inaccurate aircraft state vectors will be computed resulting in wrong design loads and wrong performance characteristics. 
